The marine photosynthetic bacterium Rhodovulum sulfidophilum produces nucleic acids extracellularly. We have identified these extracellular RNAs as fully mature sized tRNAs and fragments of 16S and 23S rRNAs. Most of the tRNAs have mature 3 0 -terminal CCA sequences. In the present study we found that these extracellular tRNAs were not aminoacylated, although almost all intracellular tRNAs are aminoacylated.
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Functional nucleic acids are thought to exist only inside cells and to perform their functions inside viable cells in nature, but the several recent studies have revealed active production of extracellular nucleic acids in some bacteria. 1) Bacteria of the genus Rhodovulum produce extracellular nucleic acids, and these nucleic acids are involved in the formation of structured communities of cells called floc (flocculated cells).
2)
Although the production and some functions of extracellular nucleic acids have been investigated, 3, 4) the molecular characterization of the extracellular nucleic acids themselves has not been reported. We have analyzed the extracellular RNAs of the strain Rhodovulum sulfidophilum DSM 2351. We found that extracellular RNAs are mainly fully mature-sized tRNAs and fragments of 16S and 23S rRNAs. 5) Our analyses indicated that there is no structural difference between the intracellular and extracellular RNAs of R. sulfidophilum. In particular, most of the tRNAs have mature 3 0 -terminal CCA sequences, 5) although these sequences usually are very susceptible to ubiquitous exonucleases. Some examples of extracellular tRNAs of R. sulfidophilum are shown in Fig. 1 . It is interesting to note that the fully matured 3 0 -CCA ends are stably maintained extracellularly in the culture medium without any effect such as exonucleolytic action. If these tRNAs are present in the solid phase of highly condensed floc, it might not be difficult to understand the stability of the tRNAs. As described below, however, our extracellular tRNA preparation was from the culture medium, the perfectly solubilized form. There are two plausible explanations for the stable maintenance of these extracellular tRNAs: One is, most simply, the extremely low level of nucleases in the culture medium. The other is that the 3 0 -ends of the tRNAs are aminoacylated, which should result in resistance to exonucleases. For example, it is well known that polynucleotide phosphorylase, a typical RNA degrading enzyme, is inhibited by the presence of an aminoacyl group at the 3 0 -end of the substrate tRNA.
6) Also, the aminoacyl group, if any, might have been maintained under our cultivation conditions. The initial pH value of the culture medium was 6.8. During cultivation, the pH increased slightly, to 7.6. Under these pH values, deaminoacylation does not rapidly occur at 25 C, our cultivation temperature. In the present study, to test whether these 3 0 -ends of tRNAs would be stabilized by the aminoacyl groups, we analyzed the 3 0 -ends of the tRNAs. R. sulfidophilum DSM 2351 was cultivated essentially by the method of Hiraishi and Ueda. 7) tRNAs (aminoacylated, if any) were prepared by the method of Varshney et al., 8) with modifications. The cells were grown from the early stationary phase (35 h of cultivation), and then chilled on ice. All subsequent steps were carried out in the cold under acidic conditions to minimize any possible deacylation of the tRNA. To prepare the extracellular RNAs, cells were removed from the culture medium by centrifugation. The supernatant was filtrated through a 0.22 mm membrane filter (Millipore, Bedford, MA) to exclude the possibility of contamination by living cells. At this step, not only cells, but also all pieces of floc were removed from the preparation. Therefore, the nucleic acids collected at this step were the soluble ones in the culture medium, not those in the floc. The nucleic acid fraction of the supernatant was precipitated with ethanol. The pellet was resuspended in 0.3 M sodium acetate (pH 5.0), and extracted with equal volumes of sterilized water saturated phenol. After centrifugation, the aqueous phase was transferred to new tubes and the RNAs were precipitated with ethanol. The air-dried precipitated RNA was dissolved in 10 mM sodium acetate (pH 5.0). To prepare intracellular RNAs, the cells were pelleted at 4 C and resuspended in 0.3 M sodium acetate (pH 5.0). This sample was then phenolyzed under the conditions described above, and the nucleic acids were collected by ethanol precipitation. The sample was dissolved in 10 mM sodium acetate (pH 5.0). Deacylation of tRNA was done by the method of Sarin and Zamecnik, 9) as y To whom correspondence should be addressed. To determine whether extracellular tRNAs would be aminoacylated, we performed Northern blot analysis of acid-urea gels. The conditions for electrophoresis were as described previously. 8) These tRNAs were fractionated on 6.5% polyacrylamide gel electrophoresis containing 8 M urea in 0.1 M sodium acetate buffer (pH 5.0) at 4 C. Then the fractionated tRNAs were transferred from the gel to a positive charge membrane filter (HybondÔ-N+, Amersham Bioscience, Tokyo). Probes were synthesized by polymerase chain reaction (PCR) from extracellular RNA clones, 5) tRNA Ala and tRNA Arg , using a PCR DIG Probe Synthesis Kit (Roche, Tokyo). The probe for tRNA Ala was the full size of the antisense sequence of tRNA Ala (76 bases). In tRNA Arg detection, the antisense sequence of nucleotide numbers 15-77 of tRNA Arg 5) was used. Hybridization was done at 50 C for 12 h in a solution of DIG Easy Hyb (Roche). After hybridization, the filters were washed 2 times for 5 min at room temperature with 2Â SSC and 0.1% SDS (w/v), and then 2 times for 15 min at 50 C with 0.1Â SSC and 0.1% SDS (w/v). The hybridized probe was detected as recommended by the supplier (DIG Nucleic Acid Detection Kit, Roche).
The Northern blot analyses are shown in Fig. 2 . Putative aminoacylated forms, which migrate more slowly than deacylated ones, were detected in lanes 1 and 5, and those were intracellular tRNAs. As Fig. 2 also shows, no extracellular tRNAs were aminoacylated in either case using tRNA Ala and tRNA Arg as probes. Since electrophoresis was done under acidic conditions, the bands were somewhat diffused. Especially, the bands of lanes 4 and 8 ( Fig. 2) were affected by deaminoacylation treatment, but it was easy to judge whether the aminoacyl groups were present. In another experiment using whole tRNAs, the extracellular tRNAs overall moved faster than the intracellular tRNAs in acidic-gel electrophoresis (data not shown). The electrophoretic mobility of the intracellular tRNAs with deacylation treatment was the same as that of extracellular tRNAs. These results indicate that not only tRNA Ala and tRNA Arg , but almost all extracellular tRNAs have free hydroxyl 3 0 -ends, although almost all the intracellular tRNAs are aminoacylated. There is also very little possibility that deacylation occurred during tRNA preparation, because the intracellular and extracellular RNAs were both prepared under the conditions described above.
The results presented indicate that extracellular tRNAs are stable in culture medium without aminoacylated 3 0 -ends. It can be concluded that the level of nucleases in the culture medium of R. sulfidophilum is very low. In fact, in a preliminary experiment, we did not detect any nuclease activity in the culture medium of R. sulfidophilum when the synthetic tRNA preparation was incubated with this culture medium for 35 h of It was judged by cloning experiments on tRNAs that approximately 80% of the extracellular tRNAs had fully mature 3 0 -CCA ends. These sequences were predicted from cDNA sequences. Therefore, the modified bases cannot be assigned on the sequence, although the extracellular RNAs were assumed to have the same modified bases as those of intracellular RNAs by total nucleotide analysis. cultivation. Under the same incubation conditions using the culture medium of Escherichia coli, the tRNA preparation was completely degraded (data not shown).
We plan to develop a method for the production of useful artificial small RNAs by fermentation technology and genetic engineering using R. sulfidophilum. From the results presented here, R. sulfidophilum appears to be a suitable organism for this purpose. In a previous study, 5) however, we found that total extracellular RNA begins to be degraded at 40 h of cultivation. Therefore, it might be important to monitor RNA-degrading activity during cultivation for this purpose (to be reported elsewhere).
We have found that extracellular tRNAs of R. sulfidophilum are not aminoacylated, although almost all intracellular tRNAs are. There are two possible pathways: tRNAs are forced out of the cell before aminoacylation, or aminoacylated tRNAs are deaminoacylated during secretion, if any, or in the culture medium after coming outside. It has been reported that the halflife of the aminoacyl-bond in aminoacylated tRNA at pH 7.5 at 25 C is almost 60 min. 10) As described above, the pH value of our culture medium reached 7.6 when the extracellular tRNAs were prepared. Therefore, it is obvious that non-enzymatic deaminoacylation occurs at least in part. At present, however, we have not yet completely clarified how non-aminoacylated tRNAs are produced extracellularly, but the fact presented in this paper might be important to elucidate the mechanism of extracellular RNA production and its involvement in floc formation in this organism.
